Abstract: Intragranular ferrite (IGF), which nucleates from specific inclusion surfaces in low alloy steels, is the desired microstructure to improve mechanical properties of steel such as the toughness. This microstructure is especially important in the coarse grain heat affected zone (CGHAZ) of weldments. The latest review paper focusing on the role of non-metallic inclusions in the IGF formation in steels has been reported by Sarma et al. in 2009 (ISIJ int., 49(2009), 1063-1074. In recent years, large amount of papers have been presented to investigate different issues of this topic. This paper mainly highlights the frontiers of experimental and theoretical investigations on the effects of inclusion characteristics, such as the composition, size distribution and number density, on the IGF formation in low carbon low-alloyed steels, undertaken by the group of Applied Process Metallurgy, KTH Royal Institute of Technology. Related results reported in previous studies are also introduced. Also, plausible future work regarding various items of IGF formation is mentioned in each section. This work aims to give a better control of improving the steel quality during casting and in the heat affected zone (HAZ) of weldment, according to the concept of oxide metallurgy.
Introduction
It is known that non-metallic inclusions in steels are considered to be detrimental for the mechanical properties. However, certain kinds of non-metallic inclusions may serve as potent nucleation sites for intragranular ferrite (IGF) formation in low carbon low alloy steels. When IGF nucleates from the inclusion surface, the formation of grain boundary ferrite (GBF) is suppressed. This phenomenon is based on the concept of oxide metallurgy [1] [2] [3] [4] . Thus, this concept could be applied to improve the toughness and strength of coarse grains in the heat affected zone (CGHAZ) of weld metals. The schematic illustration of IGF formation in CGHAZ is shown in Figure 1 . Specifically, the formation of IGF includes two kinetic process, its nucleation and growth. Moreover, it is apparent that the yield strength increases and the fracture appearance transition temperature decreases significantly with the increasing proportion of IGF [5] [6] [7] .
Since the oxide metallurgy concept was provided in 1990, review papers focusing on IGF formation started to be published in around 2004, according to the authors' knowledge. Babu summarized several mechanisms of IGF formation in weldments [5] . Thereafter, Koseki and Thewlis provided a more comprehensive review on the inclusion assisted microstructure control in low alloy steel welds [6] . In their review paper, IGF transformation kinetics, effective inclusions for IGF formation, mechanisms of IGF nucleation and weldment properties have been summarized. The above reviews mainly focused on the weldment. Alternatively, the latest review focusing on the roles of non-metallic inclusions on IGF formation has been reported by Sarma et al. in 2009 [7] . Based on these previous reviews, the present work aims to highlight the frontiers of experimental and theoretical investigations on the formation of IGF during the austenite decomposition process, undertaken at the group of applied process metallurgy, KTH Royal Institute of Technology [8] [9] [10] [11] [12] [13] [14] [15] [16] . Related results reported in previous studies are also summarized. The novel steel sample preparation methods with ceramic particle additions, effects of inclusion compositions, size distributions and number densities on the IGF formation, modified model of IGF nucleation and in-situ observation of IGF formation using confocal laser scanning microscope (CLSM) are summarized. This work aims to give a better understanding of the correlation between inclusions and the microstructure according to the concept of oxide metallurgy.
Development of steel sample preparation methodology with pure ceramic particle additions Normally, oxide inclusions formed in de-oxidation process are used as nucleation sites for IGF formation in steels. Different single and/or complex deoxidizing elements, such as Al, Ti, Mg, Zr, and rare earth can be selected. However, special designed steel alloys with pure ceramic particles additions are used to investigate potency of different nucleation sites to induce IGF formation. According to the authors' knowledge, prior work focusing on this subject is reported by Gregg and Bhadeshia [17] . They used two steel rods to first provide sandwich ceramic powders and then to hot pressed them at 1200°C for 10 min. It was reported that this condition was sufficient to cause the ceramic and steel phases to bond together. Thereafter, the bonded specimens were sectioned in a plane normal to that of the ceramic/ steel interface [17] . A schematic illustration is given in Figure 2 (a). Subsequently, the method used by Zhang et al. [18] is quite similar to the sintering method reported by Gregg and Bhadeshia [17] . The only difference is that they put disc-shaped ceramic polycrystals between the steel cylinders in a small chamber, as illustrated in Figure 2 (b).
Recently, Kasai et al. [19] and Lee et al. [20] reported on a newly developed method to insert single crystal TiO and TiN particles between steel rods and then hot press them at austenite temperatures. Thereafter, the specimens were reheated at 1050°C and were held at this temperature for 25 min to accomplish the austenite grain growth. This is illustrated in Figure 2 (c). By using this method, it was found that the single crystalline grains of TiO and TiN particles were embedded inside the austenite grains. Subsequently, the specimen was cooled down to different temperatures between 800 and 500°C. To compare with previous sintering methods, the benefit of this method is that the formation of IGF could be observed from single ceramic particles of different sizes. Moreover, the single crystal particles were selected so that the crystal orientation relationship between the ferrite (BCC structure) and TiN and TiO particles (FCC structure) could be detected by using electron backscatter diffraction (EBSD).
The sintering method is a good methodology for fundamental studies of the mechanisms of IGF formation from different nucleation sites. One advantage is that nitride particles do not dissolve in steel matrix at a temperature less than 1200°C. Also, the particle size changes on slightly in the bonding interface before and after sintering. However, there are difficulties in relating the results of as-sintered steel to the case of the actual steel solidified from liquid state. This is due to that the sintering methods do not necessarily lead to an intimate bond on atomic scale between the ceramic and steel interface. If the steel matrix is melted, this disadvantage is not needed to be considered.
Prior work of the melting method by adding pure particles into steel is also made by Gregg and Bhadeshia [21] . They drilled a hollow on the cross section of a steel cylinder. Thereafter, they added ceramic powders into this hollow, melted the steel, held in the molten state for 5 seconds and subsequently cooled it. This procedure is schematically illustrated in Figure 2 (d). Also, Grong et al. [22] provided an idea to add a cored wire containing a high number density of dispersoids to clean the steel melt, as illustrated in Figure 2 (e). Another method based on this idea has been adopted by Kivio et al. [23] . They reported a new device which was used to add Ti/TiO 2 , as shown in Figure 2 (f). This device was placed into the middle of the mold inside the furnace chamber. During casting, the steel tube melted, and the Ti/TiO 2 -containing additives were distributed into the liquid steel in the mold. They reported that grain refinement could be observed clearly. However, the presence of IGF could not be confirmed definitely after heat treatment of the solidified steel.
In very recent work, another method of preparing steels with pure ceramic powders additions has been reported by the authors [8, 9] . The schematic illustration is shown in Figure 3 . Metallic powders in combination with graphite powder, FeS powder and ceramic powders including TiN/Ti 2 O 3 /TiO 2 were mixed together in a planetary ball mill. Thereafter, FeS powders were added to control the sulfur contents in the final steel sample. Different ceramic powders were used for each steel sample to act as nucleation sites of IGF formation. The mixed powders were cold-pressed into disk shaped pellets. Thereafter, the cold-pressed pellets were put in an Al 2 O 3 crucible and were melted, held in the molten state in a very short time and subsequently cooled in a mediumfrequency heating furnace with the protection of a high purity Ar gas. A schematic view of the size and the cutting position of the ingot samples is shown in Figure 4 . A typical microstructure in the cross section of the steel, and different morphologies of IGF which are acicular type and polygonal type, are also shown in Figure 4 . Subsequently, the same method has been applied by Gao et al. [24] to add MgO and AlSi nanoparticles into steel to investigate the importance of MgAl 2 O 4 nucleation site for IGF formation. Another method for adding pure particles into the liquid steel have been presented by Xuan et al. [16] . Electrolytic iron, various ferrous alloys, and pure metals (Ti, Al) were first melted. Thereafter, pellet packets or wire packets containing TiN and TiO 2 nanoparticles were added into the liquid metal.
Compared to sintering method, the reported melting method resembles the case of IGF formation in actual steel grades more closely. However, the melting method is still not a perfect simulation of the production conditions. First of all, pure single phase particles which are added into liquid steel are changed to complex phases. This is caused by reactions between particles and alloying elements in steel. This has been found in all previous studies [8, 9, 14, [21] [22] [23] [24] . Secondly, the size distribution of pure particles changes after addition into liquid steel, as reported in Refs [8, 9, 14] . An example of size distribution of Ti 2 O 3 particles before and after adding into steels is shown in Figure 5 [15, 16] . Thirdly, nitride particles such as TiN and VN dissolve in liquid steel, and precipitate either on the grain boundary or on the surface of oxide inclusion during cooling [8] . The authors will work on developing a modified methodology to keep the phase and size distribution of pure particles in the whole steel bulk in the future. Parametric studies on the effect of the inclusion characteristics on IGF formation
Effect of inclusion composition Whole composition of inclusion
Based on previous studies, a brief summary of the influence of chemical compositions of inclusions on IGF formation is described as below. Single oxides, such as Ti 2 O 3 [25] [26] [27] [28] and TiO [19, 20, 29, 30] , single nitrides, such as TiN [29] [30] [31] [32] [33] and VN [18, 34] , single sulfides, such as CuS [35] and CeS [36] [41] , V(C,N) + MnS [42, 43] and VC + MnS [42, 43] are reported to be the effective nucleation sites for IGF. On the other hand, other types of inclusions, such as Al 2 O 3 [21, 34] , SiO 2 [34, 44] , MnS [21, 34, 42, 43] and MnO•SiO 2 [27, 34] are not potent nucleation sites.
In recent years, Zr-containing complex inclusions, which have been seldom discussed in the open literatures, are considered to be effective nucleation sites for IGF. Guo et al. [44] and Shi et al. [45] reported that complex ZrO 2 + MnS inclusions can induce IGF formation in HSLA pipeline steels and Ti-Zr deoxidized micro-alloyed steels. Moreover, Ti, Zr-oxide [46] , ZrO 2 + MnS + TiN [47] , Zr-Ti-Si-Mn-O + MnS [48] , Al-Mg-Zr-O [49] and Al-Mg-Zr-O + MnS [49] complex inclusions are subsequently reported to be potent for IGF formation. The mechanism of IGF formation from Zr-containing nucleation site was according to Li et al. [50] that a diffusion of Mn into ZrO 2 leads to the formation Mn-depleted zone in the vicinity of ZrO 2 inclusion. This viewpoint was supported by both experimental studies and first principle calculations. Besides, in-situ observation of IGF formation in 16 Mn steel has been reported. Specifically, Ce-oxysulfide and Ce-sulfide were identified as nucleation sites [51] . MgO•Al 2 O 3 + MnS is also reported to be potent for IGF formation [52] . It might be reasonable because of the crystal structure of MgO•Al 2 O 3 . However, it is well known that MgO•Al 2 O 3 can lead to serious problems of nozzle clogging during casting. In this case, the size of MgO•Al 2 O 3 nucleation site should be controlled in a narrow range, to avoid this problem. According to the authors' view point, a complex MgO•Al 2 O 3 inclusion is not a recommended nucleation site for IGF formation.
Surface composition of inclusion
Previous studies reported that several kinds of complex inclusions can be effective for IGF formation. However, the complex composition includes different parts of the total inclusion. The authors can emphasis that the whole composition has no meaning when considering the inclusion characteristics related to the IGF formation. Instead, the surface composition of the inclusion should be the focus in order to explain the mechanism of IGF formation.
In previous studies by the authors, the complex TiN + Mn-Ti-Al-Si-O + MnS inclusion is a typical inclusion in a low carbon steel with TiN addition [8] . Also, TiO x + MnS with small amount of liquid oxide is the typical inclusion formed in the low carbon steels with Ti 2 O 3 and TiO 2 additions [9] . Examples of element mapping by SEM-EDS are given in Figure 6 (a) and (b) [8] [9] [10] and by EPMA in Figure 7 (a) and (b) [11] . Actually, the effective nucleation site is TiN and TiO x (x = 1.5-1.7) for the two cases, respectively. The viewpoint of the authors is that the surface of the inclusion where IGF originates is the actual nucleation site.
Based on previous studies [8, 9, 42] , it was concluded that the potency order can be as follows: TiO x (x = 1.5-1.7) >TiO x + MnS > TiN + Mn-Si-Al-Ti-O + MnS > V(C,N) + MnS > VC + MnS. This tendency is based on the experimental results presented in Refs [8, 9, 42] . Also, MnS and liquid oxide (Mn-Al-Si-O) inclusions are not potent nucleation sites. If considering the surface of inclusion, the order can be as follows: TiO x (x = 1.5-1.7) > TiN > V(C,N) > VC. This different potency is due to interfacial energies between the inclusion and ferrite/austenite. The details can be seen in Refs [8] [9] [10] [11] [12] [13] [14] [15] [16] . by the authors. In addition, it is reported that increasing sulfur content can decrease IGF nucleation potency at each inclusion size range [8, 9] . This is because a larger amount of MnS forms, which covers the surface of the effective nuclei interface. Details are given in in Refs [8, 9] . Based the development of the characterization methodology, future work can focus on the interface of nuclei inclusion where IGF originates, in order to investigate different potencies of different nucleation sites.
In future work, the influence of composite precipitates containing Nb, V and Ti on the influence of surface composition of inclusion should be studied. The Nb-rich precipitate, specifically NbC and Nb(C,N), hold the same NaCl type crystal structure as TiN and VN. Moreover, the interfacial energy between NbC/NbN and austenite/ferrite is similar in the case of TiN and VN, as reported by Yang et al. [53] . Since TiN, VN and V(C,N) are well known effective nucleation sites for IGF [18, 29-34, 42, 43] , NbC/ NbN/Nb(C,N) has the theoretical potency to act as a nucleation site. It has been reported that homogeneously distributed composite precipitates such as (V, Ti)(C, N) [54] , (Ti, Nb)C [55, 56] and (Ti, Nb)(C, N) [56, 57] with nanoscale sizes can enhance steel mechanical properties such as the toughness and strength. However, composite precipitates with the size of several micrometers, especially Nb-rich precipitates on the surface of inclusion have not been widely reported to act as nucleation sites for IGF. This can be considered in future work. Moreover, the authors use the composition of Ti and Nb microalloyed steel from Ref. [58] . to predict inclusion precipitation in thermodynamics using the Thermo-Calc with TCFE7 database [59] . The result is shown in Figure 8 . The details of this prediction method are given in Refs [8, 9, 13] . Specifically, it is reported that this method can predict the existence of a precipitation phase in solid steel. Figure 8 shows that both Nb(C,N) and TiN exist in the solid steel, and Nb(C,N) precipitates at a lower temperature than TiN forms. This calculation result fits the experimental evidence reported in Ref. [57] . The different precipitation temperature can be applied to control the size and formation of each phase precipitate.
As a summary, it seems that MO x , MN and MC with NaCl structure are recommended as suitable surface compositions of inclusion to induce IGF formation. Here, M represents the elements in IVB group such as Ti and Zr, and VB group such as V and Nb. In order to control the surface composition of inclusion, the authors can recommend that the less Al deoxidation process in a liquid state for obtaining suitable oxide formation (MO x ), and the consequent precipitation process for obtaining nitride (MN) and carbide (MC) during cooling. In this case, equilibrium calculation by using thermodynamic calculation software, such as Thermo-Calc, is very useful to predict the inclusion formation in actual multi-component steel.
Effect of inclusion size
Besides the inclusion composition, the inclusion size also affects the potency of IGF formation. Table 1 summarizes previous experimental studies of effective inclusion sizes for IGF formation. Grong et al. [22] suggested that the size of nuclei inclusion should be strictly controlled to have values around 1 μm. Specifically, St-Laurent and L'Espérance [60] reported that the critical diameter of TiO for IGF formation was 0.45 μm. Similarly, Zhang and Farrar [61] (15-30 ppm) . Hajeri et al. [62] found that the most effective size of Ti-oxide was above 2.0 μm. Besides the case of Ti-rich oxide, Li et al. [50, 58] and Min et al. [52] 
Several studies reported that the nucleation potency of IGF formation is systematically increased with increasing inclusion size [8, 9, 42, 63] . The summary of previous studies focusing on this topic is shown in Figure 9 . The potency for IGF nucleation (P i ) of inclusion at each size d i , was estimated by using the number of nuclei inclusions at each size range (N nu,i ) divided by total number of inclusions at each size range (N total,i ). The values of N nu,i and N total,i are based on the size distribution of nuclei as well as total inclusions. In Figure 9 , it is found that the increased inclusions size markedly enhances the IGF nucleation potency. Furthermore, this tendency can be observed in all the experiment data of complex oxides containing Ti [63] , TiN + Mn-Si-Al-Ti-O + MnS [8] , TiO x + MnS [9] , V(C,N) + MnS [42] and VC + MnS [42] . 
However, it is well known that a very large size inclusion is detrimental for the mechanical prosperities of steels. In this case, both the IGF nucleation potency and the inclusion size should be considered to reach a high toughness of the steel. From previous experiences, it is concluded that the suitable size of TiO inclusion for IGF formation ranged from 0.45 to 2.0 μm. The minimum size means the critical size of nucleation site for IGF, and the maximum size means the lower limit for "harmful". Of course the critical size of the nucleation site is a little bit changed due to the inclusion surface composition. The mechanism of this phenomenon will be quantitatively discussed in the following chapter. The peak position should be controlled from the critical size of nucleation site up to a size of 2.0 μm. In order to control this sub-micron size inclusion, a smaller Al content in the steel is needed to prevent a possible inclusion agglomeration. Besides, the critical size of more kinds of nuclei inclusions can be investigated in future work.
Effect of inclusion number density
In the work by the authors [8] [9] [10] [11] [12] [13] [14] [15] [16] , the number density of nuclei inclusions were controlled to have almost the same values. This was done to investigate the effects of the inclusion compositions and inclusion sizes on IGF formation. However, it is considered that the increased inclusion number density can increase the area fraction of IGF. This is due to that a larger number of nucleation sites exist. This consideration has been confirmed in previous studies [64, 65] . Also, Oh et al. [64] reported that the number density of inclusions is more effective than size distribution of inclusions on IGF formation. Also, they reported that a higher oxygen and nitrogen contents lead to a higher number density of inclusions. However, a variation of the titanium content does not affect the number density of inclusions significantly. Similarly, Kim et al. [65] found that IGF was in proportion to the number density of inclusions which were smaller than 2 μm. Also, they reported that the average size of inclusions increased but their number density decreased with the increased heat input during submerged-arc-welding. Moreover, Kikuchi et al. [66] [67] [68] [69] mentioned that oxide inclusion sizes in all the Ti-killed low-C high-Mn steels were smaller and that the inclusion densities were higher than those in Al-killed steels. In Ti-killed steels, the inclusion size and densities increased with increased the oxygen contents. Alternatively, the inclusion size decreased and their densities increased with increased cooling rates. In addition, they also found that IGF density increased with increasing number density of inclusions in steels.
In the future work on this subject, the key is how to get a high number density of nuclei inclusion with a narrow size distribution. In addition, the peak of this size distribution should be slightly larger than the critical size of nuclei for IGF formation. The schematic illustration of this idea in combination with a previous idea by Grong et al. [22] is shown in Figure 10 . It is reported that the volume fraction of nuclei inclusion is only affected by impurity elements such as O and N, but it is not significantly affected by micro-alloying element such as Ti [64, [66] [67] [68] [69] , etc. In this case, the number density of nuclei inclusions should not be increased by controlling the steel composition in order to keep the cleanliness of steels. It is also important to control the cooling rate to decrease the inclusion size and to increase its number density, based on mass balance. It should be emphasized that the size of nuclei inclusion should not be too small, since IGF can only nucleate from the nuclei when its size is larger than the critical size.
Novel aspects on mechanism of IGF formation Modified IGF nucleation model
According to the classical nucleation theory, the calculation methods for heterogeneous nucleation of ferrite from a spherical cap nucleation site have been reported in previous studies [70] [71] [72] . This nucleation is the initial stage of IGF formation. Also, Ricks et al. [73] and Byun et al. [74] have used this model to evaluate the energy barrier of ferrite nucleation from the grain boundary and from nuclei inclusions present inside grains. However, the energy barrier of IGF nucleation from different nucleation sites have not considered in previous models. Neither, IGF nucleation in steel matrix with the different compositions, such as: C and Mn cannot be evaluated. Based on the limits of previous works, a modified model to predict IGF nucleation from a spherical shape nucleation site has been developed by the authors [10] . The contribution of this model is a quantitative evaluation of the energy barrier of IGF nucleation from different nucleation sites, based on the interfacial energies between nuclei inclusions and austenite/ferrite. Also, the effect of different element contents of the steel matrix on IGF nucleation can also be quantitatively investigated. The schematic geometry of IGF nucleation on a spherical inclusion surface is shown in Figure 11(a) . In this image, the nuclei inclusion is simplified to have a spherical shape. In addition, the actual SEM image of IGF nucleated from the surface of the inclusion is shown in Figure 11 (b). The details of this model are provided in Ref. [10] . The function between the normalized energy barrier for IGF nucleation, ΔG * het. /ΔG * hom. and the inclusion size can be expressed as shown in eq. (1). The parameter θ represents the angle between the surface of the inclusion and the ferrite phase, as is illustrated in Figure 11 (a). cosθ is calculated by eq. (2), where, σ Iα is the interfacial energy between the inclusion and the ferrite, σ Iγ is the interfacial energy between the inclusion and the austenite, and σ γα is the interfacial energy between the austenite and the ferrite. Furthermore, u and x are defined to simplify the expression of f(θ,x) as shown in eqs (3) and (4) . Here, R is the radius of the inclusion, and r* is the critical radius of the IGF, which can be calculated based on eq. (5). The parameter ΔG v is the driving force for ferrite nucleation, calculated by Thermo-Calc.
The schematic illustration of grain boundary ferrite (GBF) nucleation is shown in Figure 12 . The calculation equations are shown in eqs (6) and (7).
(a) (b) Figure 11 : (a) Schematic geometry and (b) SEM observation of IGF nucleation on a spherical cap nuclei inclusion [10] . 
where σ γγ is the interfacial energy of austenitic interfaces and cos φ is calculated based on the ratio of σ γγ /σ γα . Figure 13 shows the function between normalized energy barrier of IGF nucleation (ΔG * het. /ΔG * hom ) and inclusion size. The chemical parts of the interfacial energies between nucleation sites, which are TiO, TiN and VN, and austenite/ferrite were taken from Refs [42, 53, 75] . The results are shown in Table 2 . Also, the interfacial energies between austenite and ferrite which selected were taken from Refs [73, 76, 77] . The results are shown in Table 3 . The details of the calculation process and the selection method of interfacial energies are reported in Ref. [10] . According to the result in Figure 13 , it is seen that the nucleation barrier of IGF decreases with increasing inclusion size, regardless of the inclusion type. Furthermore, the cross point between GBF nucleation barrier line and IGF nucleation barrier curve is regarded as the critical size of nuclei inclusion for IGF. When the inclusion size is larger than the critical size, IGF nucleates instead of GBF since the energy of barrier of IGF nucleation is smaller. It is worth mentioned that the critical diameters of TiO, TiN, and VN inclusions are different. Specifically, it is 0.192 μm for TiO, 0.355 μm for TiN and 0.810 μm for VN. Moreover, this critical values can almost fit the experiment data of minimum effective inclusion size for IGF nucleation using shown in Figure 9 . The detailed discussion can be seen in Ref. [10] . Besides, the effects of the Mn, C and S contents on the critical size of nuclei inclusion are shown in Figure 14 . It is found that the critical size of nuclei inclusion increases with increased manganese or carbon content, since they are austenite stabilizing elements. It is also seen that sulfur does not seem to affect the critical size of TiO, TiN and VN for IGF nucleation. However, increased sulfur content can lead to a larger amount of MnS precipitation. Thus, MnS can cover the surface of the effective nucleation site and decrease the potency of IGF nucleation.
According to the calculation of the critical size of nuclei inclusions using the modified model, the chemical part of the interfacial free energy without physical energy (misfit energy) could be used to obtain the best fit between the experiment data and the calculation results. Specifically, chemical part interfacial energy surely controls the ferrite nucleation from the inclusion surface. Misfit parameter never control it. It is believed to be an important finding to investigate IGF nucleation mechanisms.
Besides TiO, TiN, and VN inclusions, several kinds of spinel inclusions, such as: MnTi 2 O 4 , MnAl 2 O 4 , etc. are also effective nucleation sites for IGF. However, the critical diameters of these spinel inclusions cannot be calculated due to the lack of chemical part of the interfacial Figure 13 : Calculated results of the energy barrier of heterogeneous nucleation, corresponding to the value of homogeneous nucleation [10] . Table 2 : Chemical part interfacial energies between the inclusions and austenite/ferrite interfaces, which are used for the calculations of IGF nucleation [10] . energies between inclusion and austenite/ferrite. This should be considered in future work as a complement to the current model study.
Comment on Mn-depleted zone
The Mn-depleted zone (MDZ) is a well-known mechanism to promote IGF formation. Also, MDZ formation occurs either due to that MnS absorbs Mn [78] , or due to that Mn replacing Ti in (Ti,Mn) 2 O 3 [36] . Several studies reported that existence of MDZ promote IGF formation but they only used SEM-EDS to characterize the formation of MDZ. Because the size range of MDZ is very narrow, it is often examined by FE-TEM [78] . In this case, it seems to be very difficult to discuss the existence of MDZ only based on SEM-EDS results.
In situ observations of the IGF formation using confocal laser scanning microscope
The pioneer work to apply high temperature confocal laser scanning microscope (CLSM) in steelmaking is dated back to 1997 from Emi's group [79] [80] [81] . Thereafter, this technique has subsequently been used to investigate solidification [79, 80] , inclusion agglomeration in liquid steel [81, 82] , and phase transformations in solid steels [36, [83] [84] [85] [86] [87] [88] . According to the in-situ observation of IGF formation, the pioneer work in the open literatures is dated back to Hanamura, Shibata et al. [83] . After 2005, over 50 papers have been published in the open literatures focusing on different items of kinetic studies of IGF nucleation and growth. The details regarding these papers will not be discussed in the present review, but they will be summarized in the future work by the authors. In recent years, Terasaki and co-workers [36, [86] [87] [88] provided quantitative analysis on the effects of Ti and B contents on the IGF formation. SEM-EDS in combination of TEM and auger electron spectroscopy (AES) were used to characterize the nuclei inclusion phase.
In the very recent work by the authors [11, 12] , the IGF formation dynamics in the steels with TiN and Ti 2 O 3 additions are investigated using CLSM. The typical images of IGF and GBF formation with different magnitude are shown in Figures 15 and 16 . By using these images, several items can be quantitatively investigated. For instance, Figure 17 shows the relationship between the prior austenite grain size and the area fraction of IGF. It is found that the fraction of IGF increased with increased grain size. When the grain size is fixed, it is noted that the fraction of IGF in steel with Ti 2 O 3 addition is higher than that of steel with TiN addition. The difference in the fraction of IGF in both cases is due to that TiO x is more effective to promote IGF formation than TiN [11, 12] . The contributions of in-situ observations of IGF formation by the authors is to quantitatively compare the IGF characteristics including area fraction, starting temperature of IGF and GBF in the steels with TiN and Tioxide additions. Moreover, the CLSM measurements in combination with differential scanning calorimetry (DSC) measurements have been used to plot schematic continuous cooling transformation (CCT) diagram of IGF and GBF formation, as shown in Figure 18 [12] . According to the authors' knowledge, this is the first trial to combine these two methodologies to draw CCT diagrams for the austenite decomposition process. In addition, different cooling rates, which are used to simulate the cases of as-cast, welding and quenching, have been quantitatively selected to investigate IGF formation characteristics. For instance, different morphologies of the IGF detected by electron backscatter diffraction (EBSD) are shown in Figure 19 [11] . Till now, the limit of in-situ observations is CLSM can only detect the surface phenomenon.
However, the transformation of the steel bulk cannot be observed directly. In future work, the use of the CLSM in combination with in-situ characterization techniques could be used to detect the bulk materials change. Such techniques include x-ray synchrotron tomographic [89] and in situ neutron diffraction [90] are considered to apply, since these techniques have been used to detect in-situ microstructure change of metallic alloys.
Summary
The present work highlights the frontiers of experimental and theoretical investigations of the role of non-metallic inclusions on IGF formations, undertaken by the group of Applied Process Metallurgy, KTH Royal Institute of Technology. The first contribution by the authors is applying the relationship between the inclusion size and IGF nucleation potency to different nucleation sites (TiO X , TiN, V (C,N) ). The results show that different nucleation sites have different effective inclusion sizes for IGF formation. Moreover, a modified IGF nucleation model has been developed. It shows that the chemical Figure 15 : Images observed by confocal laser scanning microscopy (CLSM) for GBF and IGF formation with holding condition of 1400°C × 0 min and cooling rate of 70°C/min [10, 11] .
part interfacial free energy without the misfit energy could lead to a good fit between experiment data and calculation results. In future work, the energy barrier of IGF nucleation from more kinds of nuclei inclusions besides TiO, TiN and VN will be considered by calculating the chemical part interfacial energies between more kinds of inclusions and austenite/ferrite. In addition, the interface between nuclei inclusion and IGF should be highly focused in experimental studies. This requires the development of characterization methodologies such as: high-resolution transmission electron microscopy (HRTEM) with electron energy loss spectroscopy (EELS) or focused ion beam (FIB), and atom probe tomography (APT). It is foreseen that "oxide metallurgy" concept can be applied to other steel grades, such as stainless steel, special steels including nitriding steel in the future.
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